Abstract New auxinic herbicide derivatives with high-activity and low-volatility are required urgently to solve the growing problems of weed resistance and volatile drifting which severely limit the application of auxinic herbicides (2,4-D, MCPA and dicamba). In this study, a series of auxinic herbicide derivatives were prepared using 2,4-D, MCPA and dicamba as lead compounds by me-too method. The volatility, greenhouse herbicidal activity against four common weeds and field herbicidal activity were evaluated and a comparative analysis with the corresponding lead compound was made. Results of volatility test indicated that it was possible to get a low-volatile compound even when the reactants were both highly volatile and the compounds with intermolecular hydrogen bond showed the comparatively low volatility. In the greenhouse herbicidal activity test, the compounds with ester bond had faster and higher herbicidal activities and better inhibition phenotypes than the compounds with amide bond. The compounds (R)-ethyl 2-(4-(2-(2,4-dichlorophenoxy)acetoxy)phenoxy)propanoate (3a-9), (R)-ethyl 2-(4-(2-(4-chloro-2-methylphenoxy)acetoxy) phenoxy)propanoate (3a-18) and (R)-4-((1-ethoxy-1-oxopropan-2-yl)oxy)phenyl 3,6-dichloro-2-methoxybenzoate (3b-7) showed lower volatilities and faster and higher activities in the greenhouse and field test than the corresponding lead compound and could be potential herbicides for further development.
Introduction
The use of pesticides has significantly increased the quality and quantity of food available for the growing world population (Carvalho, 2006; Popp et al., 2012) . However, some inevitable problems associated with the use of pesticides, such as pest resistance and environmental safety, are getting worse as the dosage of pesticides ever larger (Roush and Tabashnik, 2012; Gill and Garg, 2014; Matthews, 2015) . Herbicides are regarded as ''indispensable" in modern farming to increase food production, reduce the cost of farming and at the same time save the labor necessary for weed control practices (Kudsk and Streibig, 2003) . Specifically, auxinic herbicides are widely used in cereal crops to selectively control broadleaf weeds. Since 1942, many kinds of chlorophenoxy aliphatic acid and new compounds have been developed as effective auxinic herbicides, such as 2-(2,4-dichlorophenoxy) acetic acid (2,4-D), 2,4-dichlorophenoxybutyric acid (2,4-DB), 2-(2,4-dichlorophenoxy) propionic acid (dichlorprop), 2-methyl-4-chlorophenoxyacetic acid (MCPA), 2-methyl-4-chlorophenoxybutyric acid (MCPB), 3,6-dichloro-o-anisic acid (dicamba), 4-amino-3,5,6-trichloro-picolinic acid (picloram) and so on (Bovey, 1971) .
2,4-D, MCPA and dicamba are three important herbicides due to their excellent herbicidal activities and great market demand. The third largest herbicide in the world, after glyphosate and paraquat, is 2,4-D, which had sales greater than $600 million in 2014 (Modern Agrochemicals CHN, 2016) . Up to now, many weeds showed serious resistance to these herbicides because of the huge selection pressure (Jugulam et al., 2013; Heap, 2014; Rahman et al., 2014; Goggin et al., 2016) . A waterhemp (Amaranthus tuberculatus) population from a native-grass seed production field in Nebraska was approximately 10-fold more resistant to 2,4-D than the susceptible population based on both I50 (50% visual injury) and GR50 (50% reduction in dry weight) values (Bernards et al., 2012) . In the first random survey of 2,4-D resistance of wild radish (Raphanus raphanistrum) in Western Australian grain belt in 2004, 60% of wild radish populations contained 2,4-D-resistant individuals. By the latest survey, this had increased to 76% (Walsh et al., 2007; Owen et al., 2015) .
All herbicides are susceptible to off-target movement through physical drift of the liquid spray solution. For 2,4-D, MCPA and dicamba, volatilization loss would be an important part due to their high vapor pressures (8.0 Â 10 À6 mm Hg for 2,4-D, 5.9 Â 10 À6 mm
Hg for MCPA and 20.0 Â 10 À6 mm Hg for dicamba at 25°C) (Behrens and Lueschen, 1979; Egan et al., 2014; EPA US, 1994 , 2011 . Dicamba volatilization losses for the unformulated acid of 41% from glass beaker occurred during 1 day at 30°C under laboratory conditions (Baur et al., 1973) . The volatilization of these herbicides not only caused the loss of the active ingredient, but also had negative effects on nearby non-target plants and environment by drifting with wind (Busey et al., 2003) . Volatilization injury to soybean, caused by dicamba evaporation from a variety of surfaces such as ground and plant leaf, was reported to 37% and 48% after the 1st and 2nd application, respectively (Iowa State University US, 2001). Drifting injury of 2,4-D and dicamba to tomato was reported to be 20% and 21% after 14 days after treatment (Bauerle et al., 2015) . Therefore, it is necessary to develop efficient herbicides with low volatility to control the resistant weeds and solve the drifting problem of auxinic herbicide. Up to now, lots of excellent herbicides, such as fomesafen and fluoroglycofen, were developed by me-too method, which was a quick, low-cost and commonly used method to develop new pesticides by further chemical structure optimization, active group combination or bioisosteric replacement using known and bioactive compounds as intermediate (Guan et al., 2014; Smith et al., 1981; Vyvyan, 2002; Duan et al., 2010; Barton et al., 2014; Ma et al., 2014; Chen et al., 2015; Johnson et al., 2015) . In recent years, lots of phenoxyalkanoic acid derivatives were designed and synthesized using phenoxyalkanoic acid compounds (such as 2,4-D and MCPA) as lead compounds by me-too method (He et al., 2011; Wang et al., 2012; Peng et al., 2014; Wang et al., 2015) . These synthetic compounds exhibited superior herbicidal activities against common broadleaf weeds and high safety to corn. By introducing the substituted phosphonate into the structure of phenoxyacid herbicide, synthetic compound HW02 (I-5) showed higher herbicidal activity against broadleaf weeds, such as Abutilon theophrasti and Amaranthus spinosus, and a higher safety level to the monocot crops, such as wheat, maize, and rice, and a high inhibitory activity against pyruvate dehydrogenase complex (PDHc), which is not inhibited by the action of 2,4-D (He et al., 2011) . Acyl hydrazine derivatives, which displayed insecticidal (Zhao et al., 2007) , fungicidal (Liu et al., 2009 ) and herbicidal (Zhang et al., 2011) activity, were introduced into the molecular structure of 2,4-D by acylation and nucleophilic reaction to synthesize 2,4-D derivatives (Sun et al., 2013) . And these derivatives showed excellent in vivo activities against Brassica napus and Amaranthus retroflexus. However, the volatilities of synthetic compounds were not studied in all of the researches mentioned above.
In this work, using 2,4-D, MCPA and dicamba as lead compounds, some compounds with bioactivity or special structure were introduced into the structures of these lead compounds by me-too method to prepare auxinic herbicide derivatives. The volatility, greenhouse herbicidal activity and field herbicidal activity were tested.
Experimental

Materials
Chemicals and reagents were obtained from commercial sources, and all of the solvents were dried and purified by standard techniques prior to use. Column chromatography was carried out with Merck silica gel (300-400 mesh). Methanol and acetonitrile were high-performance liquid chromatography (HPLC)-grade from J.T. Baker (Phillipsburg, NJ, USA). Ultrapure water was obtained in the laboratory using a Milli-Q water purification system (Millipore, Billerica, MA, USA). 1 H NMR and 13 C NMR spectra were recorded on a Bruker Avance DPX 300 MHz NMR spectrometer (Bruker, Germany). CHN elemental analyses were performed by using a 5E-CHN2000 elemental analyzer (Hunan China). Volatility was tested by thermogravimetric analysis (TGA) which was carried out with a SDT Q600 (TA Instruments-Waters LLC, USA) analyzer under nitrogen atmosphere. Melting point was tested by a SGWX-4B microscopic melting point apparatus (SPSIC, China). An HPLC system, which consisted of two LC-20ATvp pumps and a SPD-20Avp ultraviolet detector (Shimadzu), was used for analysis and separation. A reversed phase kromasil ODS C 18 column (250 mm Â 4.6 mm, 5 lm) was used for separation at room temperature, and a Chromato Solution Light Chemstation for LC system was employed to acquire and process chromatographic data.
Preparation of the derivatives of auxinic herbicide
Preparation of compounds 2a and 2b
A mixture containing 1a or 1b (0.1 mol), DMF (0.5 mL) and thionyl chloride (60 mL) was added into a 100 mL flask and refluxed for 5-6 h. Excess thionyl chloride was evaporated off under reduced pressure, and a light yellow oil 2a or light red oil 2b was obtained with a yield of 90-95%. Synthetic acyl chloride was stored in a refrigerator for next step reaction.
2.2.2. Preparation of compounds 3a-(1-2), 3a-(10-11) and 3b-(1-2) A solution of 2a or 2b (4 mmol) in tetrahydrofuran (10 mL) was added to a stirred mixture of corresponding nucleophilic reagent (3 mmol), such as glycine for 3a-1, and NaHCO 3 (7.5 mmol) in water (25 mL) at 0-5°C. The resultant mixture was stirred for 3-5 h at room temperature. The reaction endpoint was confirmed by HPLC. The pH of the mixture was adjusted to 3-4 by 0.1 M HCl. Then the precipitate was filtered and washed with water. The solid was purified by recrystallization using methanol or chloroform.
2.2.3. Preparation of compounds 3a-(3-4) and 3a-(12-13) A solution of 2a or 2b (4 mmol) in tetrahydrofuran (10 mL) was added to a stirred mixture of corresponding nucleophilic reagent (3 mmol), such as 3-amino-4-chlorobenzoic acid for 3a-3, and triethylamine (7.5 mmol) in tetrahydrofuran (25 mL) at 0-5°C. The resultant mixture was stirred for 3-5 h at room temperature. The reaction endpoint was confirmed by HPLC. The tetrahydrofuran was evaporated off under reduced pressure and the residue was dissolved in chloroform. Then the chloroform layer was washed with 0.1 M HCl and water, dried, and concentrated. The solid was purified by recrystallization using chloroform.
2.2.4. Preparation of compounds 3a-(5-9), 3a-(14-18) and 3b-(3-7)
A solution of 2a or 2b (4 mmol) in tetrahydrofuran (10 mL) was added to a stirred mixture of corresponding nucleophilic reagent (3 mmol), such as 2,4-dichloroaniline for 3a-5, and triethylamine (4.5 mmol) in tetrahydrofuran (25 mL) at 0-5°C. The resultant mixture was stirred for 3-5 h at room temperature. The reaction endpoint was confirmed by HPLC. The tetrahydrofuran was evaporated off under reduced pressure and the residue was dissolved in chloroform. The chloroform layer was washed with saturated sodium hydrogen carbonate solution, 0.1 M hydrochloric acid and water, dried, and concentrated. The residue was purified by column chromatography on silica gel, or recrystallization using methanol.
All of the synthetic compounds were dried in a glass vacuum desiccator for 48 h. The physicochemical properties and spectroscopic data for all of the title compounds 3a-1 to 3b-7 are as follows. = 40.8, 68.0, 115.6, 122.8, 125.5, 128.2, 129.5, 152.6, 167.6, 171 26.5, 30.2, 51.2, 67.7, 115.6, 122.7, 125.3, 128.1, 129.5, 152.7, 167.3, 173.0, 173.9 = 67.8, 115.6, 122.6, 124.7, 125.6, 126.8, 128.3, 129.4, 129.6, 129.9, 130.8, 134.3, 152.2, 166.4, 166.5 8, 115.6, 122.7, 122.8, 125.7, 126.4, 127.3, 128.2, 129.7, 130.1, 132.7, 150.1, 152.3, 166.7, 167.3 2, 122.0, 123.8, 123.9, 127.8, 127.9, 128.0, 128.9, 129.8, 130.4, 132.6, 151 1, 115.2, 124.4, 124.5, 127.5, 127.6, 127.6, 128.1, 130.2, 130.4, 132.5, 144.8, 152.2, 165.7 ; Elemental analysis calcd (%) for C 14 H 8 Cl 4 O 3 (M = 366.02) C 45.94, H 2.20; found: C 45.81, H 2.21. 4, 66.0, 113.3, 114.9, 124.3, 127.3, 127.6, 130.4, 143.2, 150.9, 152.2, 154.5, 172.0, 173.3 ; Elemental analysis calcd (%) for C 14 H 10 -Cl 2 O 5 (M = 329.13) C 51.09, H 3.06; found: C 51.23, H 3.05.
2.2.4.8. 2-Ethyl-4-oxo-4H-pyran-3-yl 2-(2,4-dichlorophenoxy) acetate (3a-8). Light yellow viscous liquid; yield, 53% (purified by column chromatography; eluent, dichloromethane: methanol = 60:1 (V:V)); 1 H NMR (300. 113.6, 115.1, 122.6, 126.1, 128.1, 129.6, 142.5, 152.6, 153.5, 154.9, 169.7, 173 .0; Elemental analysis calcd (%) for C 15 H 12 -Cl 2 O 5 (M = 343.16) C 52.50, H 3.52; found: C 52.69, H 3.51.
(R)-ethyl 2-(4-(2-(2,4-dichlorophenoxy)acetoxy)phenoxy)propanoate (3a-9).
Light yellow solid; yield, 54% (purified by column chromatography; eluent, dichloromethane (100%)); 1 H NMR (300.13 MHz; CDCl 3 ; Me 4 Si) d ppm = 1.18 (t, J = 7.12, 3H, CH 3 ), 1.54 (d, J = 6.78, 3H, CH 3 ), 4.14 (q, J = 7.12, 2H, CH 2 ), 4.63 (q, J = 6.78, 1H, CH), 4.83 (s, 2H, CH 2 ), 6.77-6.84 (m, 3H, CH), 6.92-6.97 (m, 2H, CH), 7.13 (dd, J 1,2 = 2.55 Hz, J 1,3 = 8.79 Hz, 1H, CH), 7.34 (d, J = 2.52, 1H, CH); 13 C NMR (75.47 MHz; CDCl 3 ) d ppm = 14. 0, 18.4, 61.3, 66.5, 73.1, 115.1, 115.9, 122.0, 124.4, 127.4, 127.6, 130.4, 144.0, 152.3, 155.5, 166.8, 171.8 67.5, 113.4, 124.9, 125.0, 126.6, 126.9, 128.7, 129.8, 129.9, 130.3, 130.5, 134.4, 154.5, 166.4, 167.0 65.4, 113.6, 122.7, 124.9, 126.4, 126.6, 127.2, 128.8, 130.1, 130.3, 132.6, 150.1, 154.8, 166.6, 167.8 67.5, 113.4, 124.9, 125.5, 126.4, 126.6, 128.0, 128.7, 129.0, 129.5, 130.3, 133.4, 154.5, 166.8 = 15.8, 65.1, 113.4, 125.1, 125.6, 126.5, 127.1, 128.8, 128.8, 129.8, 130.3, 131.6, 145.1, 154.5, 166.8 = 14.8, 15.9, 65.0, 112.4, 116.4, 126.2, 126.3, 129.0, 130.5, 138.1, 154.3, 154.4, 159.5, 165.7, 171.7 = 10.6, 15.9, 21.7, 65.3, 112.4, 116.4, 126.3, 126.3, 129.0, 130.5, 137.2, 154.5, 154.5, 164.0, 165.9, 172.4 16.0, 18.4, 61.2, 65.7, 73.0, 112.3, 115.8, 122.0, 126.2, 129.3, 129.3, 130.8, 144.1, 154.5, 155.4, 167.4, 171.8 = 26.8, 30.2, 51.7, 62.3, 126.2, 129.6, 131.4, 133.8, 153.5, 163.4, 173.0, 174 7, 22.0, 62.5, 116.8, 125.9, 126.8, 128.8, 129.8, 132.4, 137.0, 154.3, 154.4, 161.1, 163.6, 171.4 ; Elemental analysis calcd (%) for C 15 H 12 -Cl 2 O 5 (M = 343.16) C 52.50, H 3.52; found: C 52.53, H 3.51.
(R)-4-(
(1-ethoxy-1-oxopropan-2-yl)oxy)phenyl 3,6-dichloro-2-methoxybenzoate (3b-7). Light viscous liquid; yield, 61% (purified by column chromatography; eluent, dichloromethane : methanol = 200:1(V:V)); 1 H NMR (300.13 MHz; CDCl 3 ; Me 4 Si) d ppm = 1.27 (t, J = 7.14 Hz, 3H, CH 3 ), 1.63 (d, J = 6.78 Hz, 3H, CH 3 ), 3.99 (s, 3H, CH 3 ), 4.24 (q, J = 7.14 Hz, 2H, CH 2 ), 4.73 (q, J = 6.81 Hz, 1H, CH), 6.94
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Volatility
The relative volatility rates of the synthetic compounds 3a-(1-18) and 3b-(1-7) were measured by thermogravimetric analysis (TGA) (Cojocaru et al., 2013) . The samples (about 10 mg for each) were subjected to TGA with isothermal heating at 75°C for 24 h under a constant flow of nitrogen. All the samples were thoroughly characterized by NMR and HPLC to ensure the absence of any residual water or solvent that would interfere with the study. Volatility was defined as the weight loss of the compound under isothermal conditions.
Greenhouse herbicidal activity
The greenhouse herbicidal activities of all of the synthetic compounds against monocotyledonous weeds, such as Echinochloa crusgalli, and dicotyledonous weeds, such as Amaranthus retroflexus, Chenopodium album and Abutilon theophrasti, were evaluated at different concentration using 2,4-D, MCPA and dicamba as controls. Weed seeds were planted in 7 Â 7 cm plastic boxes containing artificial mixed soil composed of vermiculite and nutrient soil (1:4, v:v). The stem numbers of different weeds in each plastic box were as follows: Echinochloa crusgalli: 10-15; Amaranthus retroflexus: 15-25; Chenopodium album: 15-25; Abutilon theophrasti: 10. Weeds were grown in the greenhouse. Plant growth conditions were as follows: photoperiod: 15/9 for day/night; temperatures: 25-30°C; humidity: 50-70%. The isolation area among each plastic box was about 5 cm to eliminate the potential contamination of volatile herbicidal compounds. The stem control efficacy and inhibitory phenotype (stem curling, tissue swelling, and leaf cupping) of the synthetic compounds were investigated at 3, 7, 14, 21 days after treatment (DAT). The fresh mass reduction of the synthetic compounds against the weeds was studied at 21 DAT. All test compounds were dissolved in DMF with the addition of 2% Tween 80 and diluted with water and then sprayed using a laboratory belt sprayer delivering at 450 L/ ha-spray-volume. The spray volume for each treatment (plastic box) was about 250 lL. The mixture of the same amount of water, DMF and Tween 80 was sprayed as blank control. Dicotyledon weeds were treated at the (3-4)-leaf stage, and monocotyledon weeds were treated at the (4-5)-leaf stage, respectively. All of the treatments were replicated five times in a completely randomized design. The whole experiment was repeated in three times.
The calculating formula for stem control efficacy was CE = (M 1 /M 2 ) Â 100%, where the number of dead plants and total plants in a same treatment were counted and recorded as M 1 and M 2 , respectively. The calculating formula for fresh mass reduction was FR = [(N 1 À N 2 )/N 1 ] Â 100%, where the average fresh mass of the individual plants in the blank control and treatment was recorded as N 1 and N 2 , respectively. In the data, 0% implies no plants dead or no weight reduction, while 100% represents all the plants dead.
Field herbicidal activity
The field herbicidal activity was tested in July 2015 in no-till farmland located in the Haidian district in Beijing. The photoperiod was about 14:10 for day:night, and the average day/ night temperatures were 31/22°C. The plants grown in this land were almost all broadleaf weeds (stem numbers in each area: about 600; Kochia scoparia: 80%; Chenopodium album: 20%) with an average height of about 10 cm. In this test, the selected replicate areas were as uniform as possible to avoid accidental error. Each area was designed to be 2 m Â 5 m (width Â length). The isolation distance (about 1 m) was set among each treatment to eliminate the potential contamination of volatile herbicidal compounds. The dosages of synthetic compounds were 250 g AI ha À1 for 3a-(1-18) (0.25 g for each test plots, 10 m 2 ) and 180 g AI ha À1 for 3b-(1-7) (0.18 g for each test plot, 10 m 2 ). The compound was dissolved in 10 mL DMF with 0.2 g Tween 80 (2%) and diluted to 600 mL with water. And the 600 mL aqueous solution was sprayed evenly in a test plot (10 m 2 ) using a microaerosol sprayer. The mixture of the same amount of water, DMF and Tween 80 was sprayed as blank control. In this experiment, the vigor of weeds and plant height at 21 DAT were visually evaluated as the field herbicidal activities. Each compound was treated in a randomized test plot. And all of the treatments were replicated four times. The whole experiment was repeated in three times.
Statistical analysis
The data were subjected to one-way ANOVA by SPSS 17.0 statistical analysis software (SPSS, Chicago, IL, USA). The confidence intervals used in this study were based on 95% (P < 0.05).
Results and discussion
Synthesis of compounds 3a-(1-18) and 3b-(1-7)
The compounds 3a-(1-18) and 3b-(1-7) were synthesized by nucleophilic substitution with 2a or 2b and corresponding nucleophilic reagent in the presence of NaHCO 3 or triethylamine as acid binding agent and water or tetrahydrofuran as solvent (Scheme 1). These nucleophilic reagents are of bioactivity, such as glycine which is essential to plant growth and can be absorbed and transported efficiently, or special structure, such as (R)-(+)-2-(4-hydroxyphenoxy) propionate (HPPA-Et) which contains chiral structure and is the important part of aryloxyphenoxypropionate (APP) herbicides. The structures of the compounds are listed in Table 1 . The melting points of these compounds were also measured. The compounds contained ANHA or ACOOH had higher melting point than those which had not due to the interaction of intermolecular hydrogen bond. Compared with the compounds with ester bond (3a-6 (101-102°C), 3a-15 (73-76°C), 3b-4 (62-63°C)), the compounds with amide bond (3a-5 (154-155°C), 3a-14 (142-143°C) and 3b-3 (133-135°C)) had higher melting points. And the compound which contained both ANHA and ACOOH, such as 3a-3, had a highest melting point (302-304°C) in the same series.
Volatility
It was generally believed that reducing herbicide volatility could reduce the impact of the herbicide on the environment by minimizing its vapor drift. The volatilities were measured under isothermal conditions at 75°C for 24 h and defined as the weight loss of the compound, and the results are shown in Fig. 1 .
As can be seen from Fig. 1 , the volatilities of all of synthetic compounds were lower than those of corresponding lead compound except 3a-(7-8) and 3a-(16-17). The common ground of 3a-(7-8) and 3a-(16-17) was that they all consisted of the similar structural units, maltol or ethyl maltol, which were highly volatile compounds (Wanakhachornkrai, 2003; Di et al., 2004) . Unlike 3a-(7-8) and 3a-(16-17), 3b-5 and 3b-6 which also had the structure of maltol or ethyl maltol had extremely Scheme 1 Synthetic route of the auxinic herbicide derivatives. 
Preparation of auxinic herbicide derivatives by me-too method 7 low volatilities. Except the molecular weight, the aromatic stacking interactions among the molecules could also affect the volatility. Compared with 3b-5 and 3b-6, 3a-(7-8) and 3a-(16-17) have larger conformational degree of freedom which may affect their aromatic stacking interactions and further influence their volatility. Moreover, the volatility of a chemical was also largely affected by the interaction of intermolecular hydrogen bond. Therefore, the compounds with amide bond had lower volatilities than the compounds with ester bond, such as 3b-3 (amide bond; mass loss: 0.77%) and 3b-4 (ester bond; mass loss: 1.91%). By the same token, the volatilities of 3a-3 (0%) and 3a-4 (0.32%) were lower than those of 3a-5 (1.92%) and 3a-6 (7.99%). This result was consistent with that of melting point.
Greenhouse herbicidal activity
The herbicidal activities of synthetic compounds against common dicotyledonous weeds (Amaranthus retroflexus, Chenopodium album and Abutilon theophrasti) were evaluated in greenhouse and the fresh mass reduction of these compounds at 21 DAT is listed in Table 2 . The concentrations of compound 3a-(1-18) and 3b-(1-7) were 75 and 100 mg L À1 , respectively. Compared with the compound with amide bond, the compound with ester bond had a higher herbicidal activity, such as 3a-15, which showed a higher activity than 3a-14. Interestingly, high volatile compounds 3a-(7-8) and 3a-(16-17) showed relatively good herbicidal activities. This phenomenon may be due to their unique structures. The structure without electropositive hydrogen, such as ANHA and ACOOH, would increase the lipophilicities by reducing the polarities of the compound. The good lipophilicities would help the active ingredients to pass through the cell membrane easily and further increase the herbicidal activities. The tests showed herbicidal activities of the compounds which had the structure of maltol or ethyl (R)-(+)-2-(4-hydroxyphenoxy) propionate (HPPA-Et) were equal or higher than those of corresponding lead compounds due to their unique structures.
The herbicidal activities of synthetic compounds against monocotyledonous weeds (barnyard grass, Echinochloa crusgalli) were tested at 1000 mg L À1 in greenhouse and the results are listed in Table 3 . As shown in Table 3 , almost all of the synthetic compounds had promoting effects to the growth of barnyard grass. With comprehensive consideration of the herbicidal activities of these synthetic compounds, some compounds, such as 3a -7, 3a-8, 3a-9, 3a-18, 3b-5 and 3b-6, showed the prompting effects to the monocotyledonous weeds and inhibitory effects to the dicotyledonous weeds (Tables 2  and 3 ). Therefore, these compounds could be selective herbicides to control broadleaf weeds in cereal crops. In addition, compound 3b-7 not only showed high herbicidal activities against dicotyledonous weeds (fresh mass reduction: about 80%, Table 2 ), but also had an excellent herbicidal activity to barnyard grass (fresh mass reduction: 91.58%, Table 3 ; activity images: Fig. S1 ). So 3b-7 could be a no selective herbicide to replace glyphosate or paraquat in farmland or no-till farm land. The stem control effects of 3a-9, 3a-18 and 3b-7 against Amaranthus retroflexus at 3, 7, 14, 21 DAT were also investigated and the results are shown in Fig. 2 . The concentrations of compound 3a-9, 3a-18 and 3b-7 were 75, 75 and 100 mg L
À1
, respectively. The herbicidal activities of 3a-9, 3a-18 and 3b-7 were faster and higher than those of corresponding lead compounds. The stem control efficacies of 3a-9 were 23.33% for 7 DAT, 95.00% for 14 DAT and 100% for 21 DAT, which were higher than those of 2,4-D (14.96% for 7 DAT, 85.04% for 14 DAT and 95.83% for 21 DAT). The results of stem control efficacies of other compounds at 3, 7, 14, 21 DAT are listed in Table 4 . Fresh mass reduction of the derivatives was verified by their stem control efficacies at 21 DAT. The derivative with excellent activity at 21 DAT always showed a fast control efficacy against Amaranthus retroflexus, such as 3a-7.
As we all know, auxinic herbicides could activate the metabolic processes that lead to ethylene accumulation, resulting in abnormal symptoms (stem curling, tissue swelling, and leaf cupping), and eventually necrosis and death. In order to investigate the mode of action of the synthetic compounds, the inhibition phenotype of synthetic compounds at different days after treatment was investigated and classified from ''I" to ''V" (Fig. S2 and Table 4 ). In the classification, the inhibition phenotype ''V" was defined as the best. According to the inhibition phenotype in Table 4 , all of the compounds more or less show the same mode of action as the corresponding lead compounds which could selectively control the broadleaf weeds. The compounds with the better inhibition phenotype would show the faster and higher herbicidal activity. And this result was verified by the stem control efficacy at different days after treatment.
As shown in Table 4 , the compounds with ester bond showed better inhibition phenotype and higher stem control efficacies than the compounds with amide bond. This result was consistent with that of fresh mass reduction. At the same days after treatment, some compounds showed equal or better inhibition phenotype to Amaranthus retroflexus than corresponding lead compounds, such as 3a-9, 3a-18 and 3b-7. With comprehensive consideration of the chemical structure and the herbicidal activities against monocotyledonous and dicotyledonous weeds, compound 3b-7 might show multiple modes of action which need to be studied in further. Table 2 The fresh mass reduction of 3a-(1-18) and 3b-(1-7) against common dicotyledonous weeds at 21 DAT in greenhouse. À63.7 ± 3.6 f 3a-14 À17.8 ± 3.2 b 3a-1 À4.9 ± 3.2 de 3a-15 À22.8 ± 3.5 ab 3a-2 À12.3 ± 2.1 c 3a-16 13.3 ± 3.3 j 3a-3 3.6 ± 4.3 g 3a-17 21.7 ± 2.3 k 3a-4 À7.4 ± 3.4 d 3a-18 À2.0 ± 1.5 e 3a-5 À6.2 ± 2.6 de 3b-1 50.5 ± 2.5 l 3a-6 À21.7 ± 3.7 ab 3b-2 32.2 ± 1.4 m 3a-7 À96.0 ± 2.4 h 3b-3 À18.3 ± 0.3 b 3a-8 À88.2 ± 3.7 i 3b-4 À23.8 ± 1.5 a 3a-9 À22.6 ± 1.6 ab 3b-5 À39.4 ± 3.4 n 3a-10 À12.8 ± 0.9 c 3b-6 À46.7 ± 0.8 o 3a-11 À21.3 ± 1.4 ab 3b-7 91.6 ± 1.8 p * The concentration of spraying is 1000 mg/L. ** EC for Echinochloa crusgalli. *** Herbicidal activities followed by different letters are significantly different at P < 0.05. Figure 2 Stem control effects against Amaranthus retroflexus of 3a-9, 3a-18 and 3b-7 at 3, 7, 14, 21 DAT in greenhouse.
Field herbicidal activity
The field herbicidal activities of all synthetic compounds were tested to determine their efficacy and the results are listed in Table 5 . The majority of the compounds had higher activities against Chenopodium album than those against Kochia scoparia. As shown in Table 5 , the compounds with ester bond showed better herbicidal activities than the compounds with Table 4 The stem control effect against Amaranthus retroflexus of 3a-(1-18) and 3b-(1-7) at different days after treatment in greenhouse. amide bond, such as 3a-6 (ester bond, ''D" for Chenopodium album) and 3a-5 (amide bond, ''E" for Chenopodium album). This result was consistent with that of greenhouse test. High volatile compounds 3a-(7-8) and 3a-(16-17) showed relatively good herbicidal activities in field test. As discussed above, this phenomenon may be due to their unique structures. Compared to corresponding lead compounds, the compounds 3a-(7-9), 3a-18 and 3b-7 had much higher herbicidal activities. For example, the herbicidal activity levels of 3a-9 (''C" for Kochia scoparia and ''A" for Chenopodium album) were higher than those of 2,4-D (''D" for Kochia scoparia and ''B" for Chenopodium album).
Conclusions
In this study, a series of auxinic herbicide derivatives with high-activity and low-volatility were prepared using 2,4-D, MCPA and dicamba as lead compounds by me-too method, and their volatilities, greenhouse herbicidal activities against four common weeds and field herbicidal activities were evaluated. The results indicated that the majority of synthetic compounds showed lower volatilities than corresponding lead compound except 3a-(7-8) and 3a-(16-17). Results of greenhouse herbicidal activity test indicated that compound 3a-(7-9), 3a-18 and 3b-7 had faster and higher activities than their corresponding lead compounds. All of the compounds showed the same mode of action as the auxinic herbicides. Compound 3b-7 which showed an excellent activity against monocotyledonous weed Echinochloa crusgalli at 1000 mg L
À1
might have multiple modes of action which need to be studied in further. The result of greenhouse test was verified by field herbicidal activity test. In consideration of the volatilities of synthetic derivatives, compound 3a-9, 3a-18 and 3b-7 would be potential post emergence herbicides for further development.
